Abstract-This paper presents results for vehicle-to-vehicle channel characterization based on measurements conducted for a merging lane scenario on a highway. We present power delay profiles as well as channel gains and analyze important propagation mechanisms to see the impact of line-of-sight (LOS) and the antenna radiation pattern on the total received power. It is found that the absence of LOS and strong scattering objects, close to the point where the ramp merges with a highway may result in poor received signal strength. The probability of dropping packets also increases where there is LOS between TX and RX but the antenna pattern is not omni-directional. A dip in the antenna pattern affects the received signal strength severely which poses a challenge for vehicle-to-vehicle communication in safety critical situations.
I. INTRODUCTION
Vehicle-to-Vehicle (V2V) communication is a challenging but fast growing technology. It has potential to enhance the road safety by supporting the driver to avoid collisions in the basic maneuvers such as crossing street intersections, changing lanes, merging on a highway, and driving safely in curves and blind turns. The significance of V2V safety applications increases further where the visual line-of-sight (LOS) is unavailable, e.g., in the situations when roads are intersecting at a certain angle on a highway, the entrance or exit ramps. The reliability of these applications highly depends on the quality of the communication link, which rely upon the properties of propagation channel. Therefore, understanding the properties of the propagation channel becomes extremely important.
A number of research outcomes have been published covering many aspects of V2V communications but to the author's best knowledge there are no measurement results available for channel characterization in merging lane scenarios. However, some theoretical and simulation based studies have been conducted in the past dealing with the merging lane situation [1] - [4] , in which the merging/changing lane control algorithms and systems are discussed, and simulation results are provided to show how to avoid possible collisions. In most of the simulation studies the antennas are assumed to be isotropic, radiating equal power in all directions, and the communication range is assumed to be a circle around the TX, which is not the case in reality. The communication range depends on a number of factors involving the antenna radiation pattern, location of the antenna on the car, the traffic density, obstacles such as buildings and vehicles, and the transmitted power.
The antenna pattern is one of the major limiting factors and to perform a realistic simulation studies it is necessary to use somewhat realistic antenna patterns.
Merging lanes occur often in highway or rural environment, this is why there are few big objects around that can contribute to increase the scattering. If the antenna pattern has a dip in the direction-of-departure (DOD) or direction-of-arrival (DOA) of LOS path, then the probability of losing the packets is high because there are no other significant scatterers to carry the signal power. Thus an antenna pattern should be designed such that it has equal gain in almost all directions or multiple antennas should be considered. To emphasize this we analyze measurements collected in merging lanes situations and present the results for this antenna-channel interaction. The directional analysis is performed using a high resolution space-alternating expectation maximization algorithm (SAGE) [5] for selected time-snapshots. Particular focus is put on the LOS component as it carries most of the received power. The DOA/DOD estimates are presented to show how antenna pattern can affect the received signal strength, when the LOS component is received at an angle where the antenna has a lower gain.
The rest of the paper is organized as follows, in section II we present the V2V measurement setup, and explain the merging lane scenarios. In section III we discuss the data analysis and results, and explain how the results have been extracted for time-varying path loss, power delay profiles, delay and Doppler spreads. We also study the impact of LOS on received signal strength against the non-LOS and identify important propagation mechanisms by performing directional analysis of incoming signals. Finally, in section IV we summarize the discussion and present the conclusion.
II. V2V MEASUREMENT SETUP V2V channel measurements were conducted using the RUSK Lund channel sounder that performs multipleinput multiple-output (MIMO) measurements based on the switched-array principle [6] . For the measurements, two standard hatch-back style cars were used and the four-element antenna arrays were mounted on the roof. The height of each antenna array was 1.73 m from the ground. The channel sounder sampled the 4 × 4 MIMO time-varying channel transfer function H(f, t) over a 240 MHz of measurement bandwidth centered at 5.6 GHz, the highest allowed center frequency of the sounder. The temporal sampling and the measurement duration were set to 307.2 μs and 20 s, respectively, with the test signal length of 3.2 μs. The 4 × 4 MIMO antenna arrays were used to exploit diversity as the different TX-RX pairs give rise to different directional links. These arrays were designed specifically for V2V communication [7] . Each element of the arrays has a directional antenna gain such that the antenna pattern of element 1, 2, 3 and 4 have their main gain pointing to the left-side, backward, forward and to the right-side of the car, respectively. In the subsequent analysis we consider all four elements of the TX array such that the transmitter has somewhat omni-directional gain and then the power received at the element-1 is compared against the element-2 of the RX array.
To keep track of the positions of the transmitter (TX) and receiver (RX) cars, during the measurements, each vehicle logged the GPS coordinates and videos were recorded through the windshield. These data were also combined with the measurement data, in order to identify the important scatterers in the post-processing.
A. Scenario Description
The merging lane scenario at a highway is characterized as when the roads intersect at a certain angle, e.g., entrance or exit ramps. An important aspect of this scenario is the possibility of an obstructed LOS path due to the slope and the orientation of the terrain, or the presence of sound barriers, buildings or trees between the intersecting roads. This scenario is similar to the urban street crossings scenario [8] , but with slightly more difficult channel conditions in the absence of LOS due to open surroundings, availability of fewer scatterers and higher vehicle speed. In order to draw conclusions on the importance of scatterers in the absence of LOS, the measurements were conducted for two types of scenarios: Sc-1) Vehicles merging at an entrance ramp, when the RX car was driving on the highway and the TX car was entering on the highway; Sc-2) Vehicles splitting at an exit ramp, where the RX car was exiting from the highway and the TX car continued driving on the highway. In this paper we focus mainly on the merging lane situation (see Fig. 1 ), Sc-1, since this is the most important case in terms of collision avoidance and the experiences learned from these results can be applied on Sc-2. During each measurement RX car was moving on the highway and the TX car was entering on the highway from an entrance ramp. Both the cars were moving at the speed of 20 − 28 m/s (70 − 100 km/h). Two measurements are chosen for the analysis; Sc-1a: when the TX enters the highway and remains behind the RX, which is already driving on the highway, and there are other vehicles driving by.
Sc-1b: when the TX enters the highway and remains in front of the RX, which is already driving on the highway, and there are no vehicles around.
III. DATA EVALUATION AND RESULTS ANALYSIS
To analyze the channel properties the data evaluation is performed as follows;
A. Averaged Power Delay Profile
To analyze the impact of the absence of LOS and the time variations on the received signal power, the time-varying instantaneous power-delay-profile (PDP) is derived for each time sample. The averaged-PDP (APDP) reads, We also derive the time varying channel gain, by G(t) = τ P τ (t, τ ) where we apply a noise threshold, setting all components within 3 dB of the noise floor to zero.
The time-varying APDP and the corresponding channel gain are shown in Fig. 2 (Sc-1a) and in Fig. 3 (Sc-1b) . From the APDP it is found that the channel is very poor in terms of scattering. It can be observed in both of the measurements that in the absence of LOS there are very few scattering objects that can provide additional propagation paths. Even if there are some moving objects close to TX/RX, their contribution seem to appear only when the LOS is available (see Fig. 2 ). It can be observed that the channel gain is higher in Fig. 2 Fig. 3 due to the additional power received from the MPCs, reflected from the vehicles moving next to the TX/RX, and the difference in the gain of the RX element-1 and element-2 in different directions, e.g., in the forward and backward direction. This can be best appreciated in the plots of the channel gain in Fig. 2 and 3 , where we show that the different TX-RX antenna pairs result in different channel gains due to different directional properties. The overall channel gain is higher in Sc-1a; when the RX is driving next to the TX, because the antenna gain of the RX is higher in the backward direction as compared to the forward direction. In addition to that, the number of scatterers also improve the channel gain in Sc-1a. For both of the measurements Sc-1a and Sc-1b the channel gain for all TX-RX1 is 5 − 15 dB lower than the all TX-RX2 link because the main gain of RX element-1 is pointing in the direction opposite to the direction of the TX. The propagation mechanism driving these differences in gain can be well understood by performing a directional analysis of the measurement data.
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B. Directional Analysis
For the characterization of antenna-channel interaction, a directional analysis, similar to [9] , is performed using SAGE [5] . It is assumed that the 4 × 4 channel matrix H can be described by a sum of L plane waves or multi-path components (MPCs) where each wave l is characterized by a complex amplitude γ l , propagation delay τ l , Doppler shift ν l , DOD and DOA, respectively, for both the azimuth and the elevation angles. The parameters for 100 MPCs are estimated from measured channel matrices and the DOA against the DOD for each MPC is presented in Fig. 4 and 5 for selected snapshots. The snapshots in Sc-1a; at time instant 10.58 s (top) and 17.56 s (middle), and in Sc-1b; at time instant 13.51 s (top) In the merging lane scenario there are very few interacting objects often widely separated in space which results in very few reflected propagation paths in addition to the LOS component. Due to the sparsity of interacting objects, the propagation distances of these MPCs are large and the signal strength is usually very low. Moreover, 3−7 MPCs with power 10 − 20 dB lower than the LOS component are seen in Fig. 4 and 5. These MPCs with 1 − 3 m longer propagation distance relative to LOS propagation distance are the paths originating from the single bounce reflection with the road sign and the metallic guard rail between the ramp and the highway, and the ground reflections. Most of these MPCs are available only when there is LOS. Therefore, the received power is negligible in the absence of LOS (as shown in Fig. 2 and 3 ) and the LOS component constitutes most of the received power when there is a LOS between TX and RX (see Fig. 4 and 5) .
To analyze the variations in the received power due to the variation in the antenna gain it is important to analyze the power variations in the LOS component. The vertical dotted lines are drawn to visualize the DOA of the LOS component, the largest circle, for each snapshot to compare the differences in the antenna gain for RX element-1 and element-2 at that particular angle. As a first observation it is found that the received power can drop up to 20 dB depending upon the DOA and the differences in the antenna gain of the RX elements at that angle. Comparing these results with the channel gain results in Fig. 2 (Sc-1a) and in Fig. 3 (Sc-1b) , we find a direct correlation between the channel gain and the antenna radiation pattern. This implies that, even if there is a LOS between the TX and RX, the power level can drop significantly when there is a dip in the antenna pattern. This can have severe impact on the communication range and thus it needs to be considered when designing an antenna for auto-motive safety applications.
C. Delay and Doppler Spreads
The root mean square (rms) delay and Doppler spreads are also important parameters in system design. As they describe how the power is spread by the channel in time and in frequency, and they are good indicators of the frequency selectivity (rms delay spread) and the time selectivity (rms Doppler spread) of the channel. Moreover, they can be related to the coherence bandwidth and coherence time as described in [10] . We calculate the time-varying rms delay and Doppler spreads as in [11] applying a threshold on the data such that we can avoid erroneous results due to spurious components. We set all components below the noise floor plus 3 dB (noise thresholding) to zero.
The time-varying rms delay spread and rms Doppler spread for the first scenario (Sc-1a) are shown in Fig. 6 . We plot the results for three different configurations, as similarly done in the previous section: in green dotted line we show the rms spreads when considering all TX antennas and all RX antennas; in red dashed line we show the results obtained when considering all TX antennas and only RX element-1; and in black solid line we consider all TX antennas and only RX element-2.
First we observe that the rms spreads are not equal for the three links, mainly observable in the rms delay spread plot (Fig. 6 top) . The link between all TX antennas and RX element-2 is the most frequency selective one, since many strong MPCs are visible which contribute to a large rms delay spread. The antenna element 2 is focusing towards the TX (RX driving in front of the TX), therefore, the surrounding scatterers are illuminated the most, thus resulting in strong MPCs at the RX. On the other hand, when considering all RX antennas, the power of the LOS and all other MPCs is averaged over all RX antennas. Often all scatterers do not contribute to the power received at each RX antenna therefore the averaged power of scatterers over all RX antennas can be lower than their power in each link. Moreover, the power of the LOS component is much larger than the power of the later MPCs, so the rms delay spread is small. This difference between links observed in the rms delay spread is not as remarkable in the rms Doppler spread (Fig. 6 bottom) .
In Fig. 7 we depict the time-varying rms delay and Doppler spread for the second scenario (Sc-1b). Here we observe a similar behavior, but since now the TX is driving in front of the RX, the RX element-2 is not focusing on the TX anymore, the number of illuminated objects is smaller than it is for the other links. Therefore, the link all TX -RX2 shows the smallest rms delay spread compared to the other links.
Noteworthy is the different curves of the time-varying rms Doppler spread in Fig. 7 in the bottom. The highest values are obtained for the link between all TX antennas and RX element-2 at 5 s. This might be originated by a reflection on a metallic object left behind the TX, probably a metallic fence on the side of the road. A similar effect caused by the reflections on the fence separating the two lanes of the road is observed between 14 and 16 s, and it drops when the TX and the RX are aligned.
IV. SUMMARY AND CONCLUSIONS
This paper presents results from a vehicle-to-vehicle measurement campaign for the safety applications targeting collision avoidance in merging lanes. Looking at the results from different measurements, we found that the channel gain is highly dependent on the line-of-sight (LOS) in such a sparse scenarios. Due to lack of significant scatterers such as road side objects and vehicles the received power decays abruptly in the absence of LOS which demonstrates the importance of LOS. Moreover, the antenna radiation pattern plays an important role due to the fact that there are few scatterers and if the antenna has a poor gain in the direction of TX the received power level can drop significantly. Thus designing an antenna that has an omni-directional gain, or using multiple antennas radiating towards different directions becomes more important for such a safety critical scenarios. 
